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Abstract. The primary means of studying the performance 
of vehicular ad hoc networks (VANETs) are computer 
simulations. Nowadays, the development of analytical 
models and the use of hybrid simulations that combine 
analytical modeling with discrete-event simulation are of 
great interest due to the significant reduction in computa-
tional cost. In this paper, we extend previous work in the 
area by suggesting an analytical model that includes dis-
tance-dependent losses, shadowing and small-scale fading. 
Closed-form expressions for the packet reception prob-
ability and the packet forwarding distance in the absence 
of simultaneous transmissions are presented. Numerical 
simulations validate the proposed formulation. The impact 
of path loss and fading on network throughput is explored. 
Interesting results that show the efficacy of the approach 
are provided. The derived formulation is a useful tool for 
the modeling and analysis of vehicular communication 
systems. 
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1. Introduction 
An innovative and rapidly emerging class of ad hoc 
communication systems is vehicular ad hoc networks 
(VANETs). A VANET is a distributed and self-organizing 
wireless network built up from travelling vehicles that aims 
to provide communications among adjacent vehicles and 
between vehicles and nearby equipment, [1]. In VANETs, 
the nodes move around without any boundaries on their 
direction or speed. The arbitrary motion of vehicles and the 
unpredictability and wide variety of the propagation envi-
ronment pose several challenges to engineers. Tests are 
usually being carried out through simulated environments 
before they are used in practice [2]. However, the compu-
tational cost of the simulations restricts their use in large-
scale systems. A solution to this problem is the combina-
tion of discrete-event simulation with analytical modeling, 
[3]. 
Early proposals assumed a deterministic attenuation 
of the radio signal power over the transmission distance, 
[4]. However, a deterministic reception behavior is 
inaccurate because successful packet reception is 
determined by the comparison of the received signal power 
to the total (additive and multiplicative) noise level. 
Several studies, e.g. [3], [5-6], indicate that the Nakagami-
m distribution, [7], enables an efficient characterization of 
the radio wave propagation in vehicular networks in the 
absence of simultaneous transmissions. Measured data, [8], 
have further shown that the Nakagami-m small-scale 
fading model combined with the Friis or the two-ray 
ground path loss model, [9], gives adequate results; 
however, these approaches neglect shadowing. On the 
other hand, many studies, e.g. [10-13], report on the impact 
of shadowing on the performance of vehicular ad hoc 
networks but underestimate or even ignore the small-scale 
fading effect. 
In this paper, we extend the model proposed in [3] 
and [6] by further considering shadowing and the 
variability in the path loss exponent. In order to simplify 
the analysis, we neglect simultaneous transmissions; there-
fore, packet reception is determined only by the character-
istics of the propagation medium. Simple closed-form 
expressions for the packet reception probability (PRP) and 
the packet forwarding distance are derived. Estimation of 
these performance metrics is useful in the analysis and 
performance evaluation of a VANET. In particular, packet 
reception probability reflects the loss rate caused by recep-
tion variation and it is commonly used in routing and 
broadcasting decisions, [14-15]; packet forwarding dis-
tance is related to parameters such as energy consumption, 
end-to-end packet delay and number of collisions, [16-17]. 
The proposed model is validated through simulations. We 
further investigate the impact of channel impairments on 
VANET throughput in terms of packet reception 
probability and packet forwarding distance. Use of the 
derived formulas simplify the analysis of vehicular ad hoc 
networks and reduces significantly the computational com-
plexity of their simulations. 
The rest of the paper is organized as follows: Section 
2 discusses the theoretical background and presents the 
PRP model. Results and discussions are provided in 
Section 3. Finally, Section 4 concludes the paper. 
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2. The Proposed Model: Background 
and Mathematical Formulation 
In the wireless environment, the mean path loss is 
usually expressed in the log domain as, [18], [19],  
  0 0 010 log ,    SL L n d d X Y d d      (1) 
where L0 is the path loss at a reference distance d0 which is 
chosen large enough to be in the far-field region of the 
transmitting antenna, n is the path loss exponent, d is the 
distance between the transmitting and receiving antennas, 
XS is the shadowing term and Y describes the small-scale 
fading variation.  
2.1 Distance-Dependent Path Loss Modeling 
Signal propagation is strongly affected by the dissi-
pation of the power radiated by the transmitter. Usually, we 
assume that distance-dependent losses are proportional to 
the nth-power of the distance between the communicating 
nodes. In particular, use of a strict power law instead of 
a piecewise one is common for extended ad hoc networks 
or when interferers are neglected; in this case, the use of 
piecewise laws have only second order effects on network 
performance, [20]. Therefore, in the absence of interferers, 
the average reception power at a distance d,  , and the 
reception threshold Rx are 
 nd    (2) 
and 
 nx CRR d
  (3) 
where dCR is the intended communication range, i.e. the 
deterministic maximum communication distance without 
fading. 
2.2 Small-Scale Modeling 
As it has already been mentioned, the Nakagami-m 
small-scale fading model combined with the previous 
model is, under certain assumptions, a suitable representa-
tion of signal propagation in the vehicular environment.  
Let us assume a single transmitter (single sender sce-
nario). In this case, according to the Nakagami-m distribu-
tion the cumulative distribution function (cdf) for a signal 
to be successfully received with power x for a given   at 
distance d, is [21],  
     10; , exp
xm
m
n m
m mzF x m z dz
m
          (4) 
where m is the shape factor and () denotes the complete 
gamma function. It can easily be shown that this expression 
can be written in a more compact form as 
    
1; , ,n
mF x m m x
m
         (5) 
with  (,) the incomplete gamma function.  
Obviously, the probability for a message to be suc-
cessfully received in the absence of interferes is derived 
from the probability that its power is greater than the re-
ception threshold. In this case, it has been found, [3], [6], 
that 
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2.3 The Combined Effect of Small-Scale 
Fading and Shadowing 
Shadowing is usually modeled as a lognormal random 
process, [18], [19], [21]. As a result, the pdf of the slowly 
varying signal power can be written as 
    
2
2
10 log
; , exp ,    0
22S
r
f r s r
ssr
 
      
 (7) 
where  and s are the logarithmic mean and standard 
deviation, respectively, and  = 10/ln10  4.343. 
In the proposed model, we consider the effect of both 
small-scale fading and shadowing on signal propagation. 
However, instead of treating them separately, we model 
their combined effect by the composite Nakagami-log-
normal distribution as in [22]. In this case, the received 
signal power follows a gamma-lognormal distribution and 
the composite pdf for a signal to be received with power x 
is  
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To the best of the author’s knowledge, solution of (8) 
can not be given in closed form. However, fc(x; m, s, ) 
can be accurately approximated by a lognormal pdf with 
logarithmic mean C and deviation sC given, [22], by 
  10log lnC m m         (9) 
and 
  2 2 2,Cs s m   . (10) 
In the above expressions, notations () and (,) denote 
the digamma and the Hurwitz zeta functions, [23]: 
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After some algebraic manipulation, we find that the 
approximate cdf for a signal to be received with power x 
for a given average power strength   is  
   10log1; , , 1+erf
2 2
C
c
C
x
F x m s
s
          
. (13) 
In this case, (6) becomes 
 
   1 ; , ,
10 log1                 erfc .
2 2
R x c x
x C
C
P x R F R m s
R
s

   
     
 (14) 
2.4 Packet Reception Probability Formulas 
The model in [3] and [6] neglects shadowing. Using 
(6) and setting m = 3 and n = 2 (Friis transmission formula, 
[9]), the model calculates the expected probability of suc-
cessfully receiving a message at distance d given dCR in the 
absence of simultaneous transmissions from the expression  
 
2 4 2
9, 1 3 exp 3
2R CR CR CR CR
d d dP d d
d d d
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. (15) 
In our proposal, we substitute (2), (3), (9) and (10) 
into (14) and find that the probability of successful mes-
sage reception at a distance d given dCR for given channel 
parameters n, s and m is 
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. (16) 
3. Results and Discussion 
In this Section, we first investigate the impact of 
channel impairments (small-scale fading, shadowing and 
distance-dependent losses) on packet reception probability 
in a vehicular ad hoc network by using the derived formu-
lation. Next, we compare the theoretical results with simu-
lation data and verify the accuracy of the proposed model. 
We finally discuss and evaluate an application of the new 
model in the calculation of the maximum packet forward-
ing distance in a hop-by-hop retransmission scheme. In our 
analysis, we ignore the interference from other nodes due 
to simultaneous transmissions.  
3.1 The Impact of Channel Impairments on 
Packet Reception Probability 
A simplified approach of signal propagation assumes 
a deterministic attenuation of the signal power over the 
transmission distance. This means that the packets are 
received with certainty within dCR but at greater distances 
message reception is impossible. However, the signal 
variation due to fading decreases the probability of suc-
cessful packet reception at distances smaller than the in-
tented communication range but also allows successful 
signal reception at greater ones.  
Fig. 1 illustrates the probability of packet reception 
with respect to the normalized to dCR distance between two 
communicating nodes. The curves refer to the scenarios 
described by the deterministic, [4], the Nakagami/Friis with 
m = 3, [3], [6], and the proposed model. In order to assure 
a fair comparison between our proposal and the rest of the 
models, we neglect shadowing and set m = 3 and n = 2.  
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Fig. 1. Packet reception probability: Comparison between 
deterministic and probabilistic propagation models. 
Notice the similarities between our proposal and the Naka-
gami/Friis model for the specific channel parameters; small 
differences are due to the approximation error introduced 
by the approximation of the composite gamma/lognormal 
pdf with a lognormal one. A striking discrepancy between 
the deterministic and the two stochastic models is obvious. 
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Fig. 2. Impact of small-scale fading on packet reception 
probability. 
The curves in Fig. 2 show the impact of small-scale 
fading on packet reception probability. The severity of 
fading decreases with m; in urban environments, the shape 
factor usually ranges from 0.5 to 3.5, [7], (the Nakagami-m 
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distribution includes the one-sided Gaussian and the 
Rayleigh distribution for m = 0.5 and m = 1, respectively). 
Without loss of generality, we set n = 3.4 and s = 4 dB. 
The proposed model resembles the deterministic one as m 
increases. In this case, only shadowing and distance-de-
pendent loss affect system performance. Notice also that 
packet reception probability does not practically depends 
on m for d  1.15dCR. 
Fig. 3 shows the packet reception probability versus 
d/dCR in different shadowing environments. Typically, s 
varies between 4 and 10 dB, [11]. Without loss of general-
ity, we set m = 3 and n = 3.4. Similar to before, when s 
decreases, the curves approach the deterministic perform-
ance because only small-scale fading and distance depend-
ent losses affect significantly the propagating signal. We 
further notice that packet reception probability does not 
depend on shadowing at distance d  0.95dCR. In this case, 
we see that half of the packets are successfully received. 
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Fig. 3. Impact of shadowing on packet reception probability. 
Finally, the impact of path loss exponent on VANET 
performance in terms of packet reception probability is 
shown in Fig. 4.  
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Fig. 4. Impact of distance-dependent path loss on packet 
reception probability. 
In a vehicular environment, a typical value of n is close to 
three but values between two and eight can also be found, 
[11], [24]. Without loss of generality, we set m = 3 and 
s = 4 dB. The resulting curves approach the deterministic 
behavior as path losses increase; obviously, the impact of 
path loss on system performance increases with n. The 
curves intersect at d = dCR as it was expected from (16).  
3.2 Model Validation 
We now present some simulation results that verify 
the accuracy of the proposed model. In the simulations, the 
distance between sender and receiver is uniformly distrib-
uted within a range twice the intended communication 
range. Channel parameters are m = 3, s = 4 dB and n = 3.4. 
We employ the DX-120-4 pseudorandom number genera-
tor, [25], and apply the rejection sampling method, [26], to 
generate the random samples. A total of 105 independent 
simulation runs are performed. In each snapshot, a distance 
value between the communicating nodes is randomly 
found. The shadowing and the small-scale fading contribu-
tions are computed as random variables that follow the 
lognormal and the Nakagami-m distribution, respectively. 
We then calculate path loss using (1) and compare it to the 
deterministic value of loss. The simulation values in the 
diagram are averaged over a d/dCR step-size of 0.01. Fig. 5 
shows the match between the simulated PRP and (16). 
A good agreement between the theoretical curve and the 
simulation results is observed. 
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Fig. 5. Packet reception probability: Theoretical curve (16) 
and simulation results. 
3.3 The Impact of Channel Impairments on 
Packet Forwarding Distance 
In the last part of this section, we explore the relation 
between environmental parameters and packet forwarding 
distance. We consider a hop-by-hop retransmission 
scheme, [27]. The interference due to simultaneous trans-
missions is neglected. For simplicity, we further assume 
that the receiving node sends separate acknowledgement 
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and forwarding packets to the previous and next nodes on 
the route. After a packet reception, the receiver sends u 
acknowledgements. The sender retransmits the packet 
when it does not receive any acknowledgement. In this 
case, the total expected hop count between two nodes sepa-
rated by distance x is, [28], 
         1, 1 1 uup xK x u p x p x    (17) 
where p(x) is the probability of successful packet reception. 
Obviously, if we require single packet transmission, it is 
     sgn ,1 , 2 1K d K d   . (18) 
After some algebraic manipulation, (17) and (18) give 
that the maximum distance between the transmitting and 
the receiving node that minimizes hop count is the positive 
root of the quadratic equation 
    2 1 0p x p x   . (19) 
Then, replacement of p(x) with PR(d,dCR) in the acceptable 
solution of (19) gives that the maximum packet forwarding 
distance is  
   2 2
max
ln 0.069 2,
expCR
m m s m
d d
n
         
.(20) 
Tab. 1 presents the maximum packet forwarding dis-
tance for the examples discussed in the previous subsec-
tions. We observe that dmax reduces with the severity of 
fading but increases with path loss exponent. The results 
show that the packet forwarding distance value which 
minimizes hop count is lower than the intended communi-
cations range (a similar conclusion was drawn in [28]). 
Notice also the significance of small-scale fading com-
pared to the rest of the channel impairments in the values 
of maximum packet forwarding distance. 
 
(n,s) = (3.4,4dB) (n,m) = (3.4,3) (m,s) = (3,4dB) 
m dmax/dCR s dmax/ dCR n dmax/ dCR 
0.5 0.562 0 0.898 2 0.806 
1 0.745 4dB 0.881 4 0.898 
2 0.846 6dB 0.861 6 0.930 
3 0.881 8dB 0.826 8 0.947 
4 0.898 10dB 0.769 – – 
inf. 0.950 – – – – 
Tab. 1. Maximum sender-receiver packet forwarding dis-
tances. 
4. Conclusions 
In this paper, we provided a set of analytical expres-
sions for the description of the packet reception probability 
and the packet forwarding distance in a vehicular ad hoc 
network. The proposed formulation extends previous 
model by comprising the small-scale fading effect and the 
impact of distance-dependent losses on signal variation. 
The dependence of specific VANET performance metrics 
on environmental parameters was investigated and inter-
esting conclusions were derived. Simulation results vali-
dated the formulation. The proposed model may be a useful 
tool in the analysis and modeling of vehicular ad hoc net-
works and it can find application in hybrid simulations of 
large-scale vehicular systems. 
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